The longitudinal spin Seebeck effect (LSSE) in Pt/Y3Fe5O12 (YIG) junction systems has been investigated at various magnetic fields and temperatures. We found that the LSSE voltage in a Pt/YIG-slab system is suppressed by applying high magnetic fields and this suppression is critically enhanced at low temperatures. The field-induced suppression of the LSSE in the Pt/YIG-slab system is too large at around room temperature to be explained simply by considering the effect of the Zeeman gap in magnon excitation. This result requires us to introduce magnon-frequencydependent mechanism into the scenario of LSSE; low-frequency magnons dominantly contribute to the LSSE. The magnetic field dependence of the LSSE voltage was observed to change by changing the thickness of YIG, suggesting that the thermo-spin conversion by the low-frequency magnons is suppressed in thin YIG films due to the long characteristic lengths of such magnons.
I. INTRODUCTION
Magnons are collective excitations of spins in magnetic ordered states, the concept of which was first introduced by Bloch in order to explain the temperature dependence of magnetization in a ferromagnet [1] . In thermal equilibrium states, magnons behave as weakly interacting bosonic quasiparticles obeying the Bose-Einstein distribution:
where ǫ is the magnon energy, k B is the Boltzmann constant, and T m is the magnon temperature. In soft magnetic materials such as Y 3 Fe 5 O 12 (YIG) [2] , magnons are easily excited by thermal energy since the magnon dispersion is almost gapless except for a small gap due to the Zeeman effect and magnetic anisotropy (∼ 10 −3 K for YIG [3, 4] ).
In the field of spintronics [5, 6] , magnons have attracted renewed attention, since they can carry a spin current without accompanying a charge current [7, 8] . Importantly, a magnon spin current in a magnet can interact with a conduction-electron spin current in an attached metal at the metal/magnet interface via the interface exchange interaction, which is described in terms of the spin-mixing conductance [9] [10] [11] . By making use of this interaction, various spin-current-related phenomena have been developed, such as the spin pumping [8, 12, 13] , spin Seebeck effect (SSE) , and their reciprocal effects [8, 38] .
The SSE refers to the generation of a spin current as a result of a temperature gradient in a magnetic material.
Here, the thermally generated spin current is detected as electric voltage (SSE voltage) via the inverse spin Hall effect (ISHE) [12, 13, [39] [40] [41] in a paramagnetic metal attached to a magnet. The observation of the SSE in a ferrimagnetic insulator YIG [15, 17] implies that this phenomenon is attributed to nonequilibrium magnon dynamics driven by a temperature gradient, since a conduction electrons' contribution in YIG is frozen out due to its large charge gap. After the pioneering theoretical work by Xiao et al. [42] , the SSE is mainly described in terms of the effective magnon temperature T m in a ferrimagnet and effective electron temperature T e in an attached paramagnetic metal; when the effective magnonelectron temperature difference is induced by an external temperature gradient, a spin current is generated across the ferrimagnet/paramagnet interface. Adachi et al. developed linear-response theories of the magnon-and phonon-mediated SSEs [43] [44] [45] . Subsequently, Hoffman et al. formulated a Landau-Lifshitz-Gilbert theory of the SSE to investigate the thickness dependence and length scale of the SSE [46] . In 2014, Rezende et al. discussed the SSE in terms of a bulk magnon spin current created by a temperature gradient in a ferrimagnetic insulator [31] . However, microscopic understanding of the relation between the magnon excitation and thermally generated spin currents is yet to be established, and more systematic experimental studies are necessary.
A clue to understand a role of magnons in SSE already manifested itself in magnetic-field-dependence measurements. In Ref. 29 , we showed that the magnitude of the SSE voltage in paramagnetic-metal (Pt, Au)/YIGslab junction systems gradually decreases with increasing the magnetic field after taking its maximum value at room temperature [see Fig. 1(b) ]. This suppression of the SSE voltage becomes apparent by applying high magnetic fields, while it is very small in the conventional SSE measurements in a low field range [see Fig. 1(c) ]. The LSSE suppression by high magnetic fields is irrelevant to the anomalous Nernst effect due to static proximity ferromagnetism in Pt [47] since the same behavior was observed not only in Pt/YIG-slab systems but also in Au/YIG-slab systems [29] (note that Au is free from the proximity ferromagnetism). Although this result implies that the SSE is affected by a magnon gap opening due to the Zeeman effect, there was no detailed discussion on the high-magnetic-field behavior of the SSE. In this study, using Pt/YIG systems, we systematically investigated effects of high magnetic fields on the SSE at various temperatures ranging from 300 K to 5 K. We also report the YIG-thickness dependence of the SSE voltage and its suppression at high magnetic fields. The results suggest an important role of excitation of low-frequency magnons with long characteristic lengths in the SSE, providing an important step in unraveling the nature of the SSE.
II. EXPERIMENTAL CONFIGURATION AND PROCEDURE
Experiments on the SSE have been performed mainly in a longitudinal configuration owing to its simplicity [17, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , and we also employ this configuration in this study. Figure 1(a) shows a schematic illustration of the longitudinal SSE (LSSE). In the longitudinal configuration, when a temperature gradient, ∇T , is applied to a paramagnetic-metal/ferrimagnetic-insulator junction system perpendicular to the interface, a spin current is thermally generated in the paramagnetic layer along the ∇T direction. The spin current is converted into an electric field E ISHE by the ISHE in the paramagnetic layer if the spin-orbit interaction of the paramagnet is strong [see Fig. 1(a) ]. When the magnetization M of the ferrimagnet is along the x direction, E ISHE is generated in the paramagnet along the y direction following
where θ SH , ρ, J s , and σ are the spin Hall angle, electric resistivity, spatial direction of a spin current, and spinpolarization vector of electrons (|| M) in the paramagnet, respectively. Therefore, the LSSE can be detected electrically by measuring electric voltage V ISHE (= E ISHE L y ) in the paramagnetic metal layer, where E ISHE is the magnitude of E ISHE and L y is the length of the paramagnetic layer along the y direction.
To investigate the high-magnetic-field behavior of the LSSE, we used Pt/YIG junction systems, which are now recognized as a model system for studying spin-current physics [8, 15] . The sample used in the present study consists of a 5-nm-thick Pt film sputtered on the whole of the (111) surface of a single-crystalline YIG slab or film. The YIG slab has no substrate, of which the lengths along the x, y, and z directions are L x = 2.0 mm, L y = 4.0 mm, and L z = 1.0 mm, respectively. To measure the thickness dependence of the LSSE, we prepared three YIG films with the thicknesses of t YIG = 10.42 µm, 1.09 µm, and 0.31 µm, grown on the whole of single-crystalline Gd 3 Ga 5 O 12 (GGG) (111) substrates by a liquid phase epitaxy method. The GGG substrates with the YIG films were then cut into a rectangular shape with the size of L x = 2.0 mm, L y = 4.0 mm, and L z = 0.5 mm. To apply ∇T , the sample was sandwiched between two sapphire plates (1) and (2). The sapphire (1) is thermally connected to a heat bath of which the temperature T was controlled and varied in the range from 300 K to 5 K. By applying a charge current to a chip heater attached on the top of the sapphire (2), its temperature is increased.
To improve the thermal contact, thermal grease was applied between the sample and sapphire plates thinly and uniformly. The temperature difference ∆T between the sapphire (1) and (2) was measured with two thermocouples. A uniform external magnetic field H was applied along the x direction by using a superconducting solenoid magnet, where the maximum H value was 90 kOe. When H > 1 kOe (0.15 kOe), the magnetization of the YIG slab (YIG films) is well aligned along the H direction. We also confirmed that, in the range of −90 kOe < H < 90 kOe, the magnetoresistance ratio of the chip heater is < 0.03 % in all the temperature range and the H dependence of ∆T is negligibly small. Under this condition, we measured a DC electric voltage difference V between the ends of the Pt layer of the Pt/YIG-slab and Pt/YIGfilm samples. Hereafter, to quantitatively compare the temperature dependence of the voltage signals in different samples, we mainly plot the transverse thermopower
III. RESULTS AND DISCUSSION
Now we start by presenting the experimental results of the LSSE in the Pt/YIG-slab sample. Figure 2 (a) shows S as a function of H for various values of T , measured when H was swept between ±90 kOe. When ∇T is applied to the sample, a clear S signal appears due to the LSSE and its sign is reversed in response to the magnetization reversal of YIG. We found that, in the Pt/YIG-slab sample, the magnitude of the S signal is suppressed by applying high magnetic fields at all the temperatures from 300 K to 5 K, while the magnitude of M at each temperature is almost constant after the saturation [compare Figs. 2(a) and 2(b)]. This suppression cannot be explained by the normal Nernst effect [48] in the Pt film since the S signal in a Pt/GGG-slab sample, in which the YIG slab is replaced with a paramagnetic GGG slab, is much smaller than the H dependence of the LSSE [see Fig. 2(a) ]. We also confirmed that the critical suppression of the LSSE in the Pt/YIG-slab sample by high magnetic fields is irrelevant to the H dependence of spin-current-related parameters, i.e. the spin Hall angle and spin-diffusion length, of Pt by measuring magnetoresistance in a similar Pt/YIG-slab system (see Appendix A).
In Fig. 3 , we show the T dependence of S at the positive H values and of the magnetic-field-induced suppression of S in the Pt/YIG-slab sample. When the sample temperature is decreased from 300 K, the magnitude of S monotonically increases and reaches its maximum value around T = 75 K [see Fig. 3(a) ]. On decreasing the temperature further, the S signal begins to decrease and goes to zero. This T dependence of the LSSE with peak structure is qualitatively consistent with previous results [21, 31] . Importantly, as shown in Fig. 3(b) , the suppression of the LSSE thermopower δ LSSE also exhibits temperature dependence in the Pt/YIG-slab sample, where δ LSSE is defined as (S max − S 80kOe )/S max with S max and S 80kOe respectively being the S values at the maximum point and at H = 80 kOe. We found that the suppression of the LSSE in the Pt/YIG-slab sample is almost constant (20 % < δ LSSE < 25 %) above 30 K and strongly enhanced below 30 K; the δ LSSE value in the Pt/YIG-slab sample reaches ∼70 % at T = 5 K [see Fig. 3(b) ].
The critical field-induced suppression of the LSSE at low temperatures below 30 K is seemingly consistent with conventional SSE models combined with the effect of the Zeeman gap in magnon excitation. In the conventional formulation [44] [45] [46] 49] , the LSSE voltage V LSSE is expressed as the following factor related to the magnon excitation: by assuming the density of states of parabolic exchange magnon modes: D 0 √ ǫ − gµ B H with the amplitude D 0 , energy ǫ, g-factor g (= 2.0 for YIG), and Bohr magneton µ B , where the magnon gap due to the Zeeman effect is described as gµ B H. This parabolic dispersion well reproduces the magnon band structure of YIG in the lowenergy range (T < 30 K) [50] . In Fig. 3 , we compare the T dependence of δ LSSE in the Pt/YIG-slab sample with that calculated from Eq. (3); below 30 K, the observed and calculated δ LSSE values agree with each other within the difference of 10 % (see Appendix B).
The inconsistency between the observed suppression of the LSSE voltage and the conventional formulation becomes apparent with increasing the temperature. Equation (3) shows that the suppression of V LSSE at T = 300 K is smaller than 2 % even under the high magnetic fields, which is much smaller than the experimental results as shown in Fig. 3 (b) (δ LSSE ∼ 25 % at 300 K). This is because the small Zeeman energy is defeated by thermal fluctuations when gµ B H ≪ k B T (note that the magnon gap energy at H = 80 kOe corresponds to gµ B H/k B = 10.7 K ≪ 300 K); to affect the magnon excitation by magnetic fields, the magnon energy has to be comparable to or less than the Zeeman energy in the conventional model. In contrast, the observed large suppression of the LSSE voltage in the Pt/YIG-slab sample indicates that the magnon excitation relevant to the LSSE is affected by magnetic fields even at around room temperature, suggesting that low-frequency magnons of which the energy is comparable to the Zeeman energy (less than ∼ 30 K) provide a dominant contribution to the LSSE.
The importance of low-frequency magnons in the mechanism of the LSSE is clarified by focusing on their length scale. It is notable that magnons with low frequencies exhibit long thermalization (energy relaxation) lengths [51] [52] [53] [54] [55] , where magnons cannot be thermalized within the range less than the thermalization lengths. In the Pt/YIG systems under a temperature gradient, magnons can deviate from local thermal equilibrium, and the deviation becomes greater for magnons with longer thermalization lengths [42, 51] . The frequency dependence of the magnon thermalization lengths indicates that low-frequency magnons with long thermalization lengths play a central role in the nonequilibrium states between magnons in YIG and electrons in Pt at the Pt/YIG interface. In contrast, the contribution from high-frequency magnons of which the energy is much greater than the Zeeman energy is expected to be weaker since they are closer to local thermal equilibrium due to their short thermalization lengths [52] [53] [54] [55] . This spectral non-uniformity of the thermo-spin conversion can be responsible for the unexpectedly strong suppression of the LSSE voltage in the Pt/YIG-slab sample, an interpretation consistent with other fragmentary pieces of information [32, 33, 54, 55] . Although the conventional SSE theories do not include this magnon-frequency-dependent mechanism, similar non-local nature has been introduced for phonon-electron systems as the concept of "spectral non-uniform temperature" in Ref. 56 .
To verify the above scenario, we investigated the YIGthickness dependence of the high-magnetic-field response of the LSSE. Because of the long-range nature of lowfrequency magnons, the spectral non-uniformity of the thermo-spin conversion should affect the LSSE in terms of the thickness of YIG. In Fig. 4(a) , we compare the H dependence of S in the Pt/YIG-slab and Pt/YIGfilm samples with different YIG thicknesses (t YIG = 10.42 µm, 1.09 µm, and 0.31 µm) at T = 300 K. Although we observed clear LSSE signals in all the samples, the magnitude of the LSSE thermopower monotonically decreases with decreasing t YIG . This behavior is consistent with the experimental results reported by Kirihara et al. [22] and Kehlberger et al. [37] [see Fig.  4(b) ]. This t YIG dependence suggests that the magnon excitation relevant to the LSSE is limited by the boundary condition in the thin YIG films. Significantly, we found that the suppression of the LSSE by high magnetic fields, δ LSSE , also monotonically decreases with decreas- This thickness dependence indicates that the contribution of low-frequency magnons, which govern the LSSE suppression in the Pt/YIG-slab sample, fades away in the Pt/YIG-film samples when the YIG thickness is less than their thermalization lengths, because the long-range magnons cannot recognize the local temperature gradient in thin YIG films. In this condition, the LSSE suppression becomes small since only remaining high-frequency magnons with the short thermalization lengths, which have energy much greater than the Zeeman energy, contribute to the LSSE.
Finally, we show the T dependence of the LSSE thermopower in the Pt/YIG-slab and Pt/YIG-film samples for various values of t YIG . As shown in Figs. 5(c)-5(e), in the thin Pt/YIG-film samples, no suppression of the LSSE appears even at low temperatures that satisfy the condition gµ B H ∼ k B T , which is also inconsistent with the conventional formulation described by Eq. (3). This behavior can be attributed to the T dependence of the magnon thermalization lengths; since the thermalization length, in general, increases with decreasing T [52, 53, 55] , the proportion of the low-frequency magnons, affected by the boundary, to the total magnon population should increase at low temperatures. This interpretation is in qualitative agreement with the t YIG dependence of the LSSE; we found that the magnitude of S monotonically decreases with reducing t YIG in all the temperature range [ Fig. 5(a) ] and the dependence on t YIG of S becomes stronger at lower temperatures [ Fig.  5(f) ]. These results demonstrate again the importance of low-frequency magnons with long characteristic lengths in the mechanism of the LSSE.
IV. CONCLUSION
In this study, we have investigated temperature and thickness dependences of high-magnetic-field response of the longitudinal spin Seebeck effect (LSSE) in Pt/Y 3 Fe 5 O 12 (YIG) junction systems. The experimental results show that the LSSE signal is suppressed by applying high magnetic fields at the temperatures ranging from 300 K to 5 K and this suppression is enhanced with decreasing the temperature in the Pt/YIG-slab system. The suppression of the LSSE appears even when the magnon gap induced by the Zeeman effect gµ B H is much less than the thermal energy k B T , suggesting that low-frequency magnons with energy comparable to or less than the Zeeman energy provide a dominant contribution to the LSSE rather than the higher-frequency magnons. This spectral non-uniformity of the thermo-spin conversion is associated with the characteristic lengths of the LSSE since the LSSE signal and its magnetic field dependence are strongly affected by the thickness of YIG. We anticipate that the comprehensive LSSE data reported here fill in the missing piece of the mechanism of the LSSE and lead to the development of theories of spincurrent physics. To discuss the origin of the critical suppression of the LSSE by high magnetic fields, it is important to confirm that the observed behavior originates from the H dependence of the magnon excitation in YIG, not from that of spin-current-related parameters of Pt. To do this, we measured the H dependence of the spin-Hall magnetoresistance (SMR) [20, [57] [58] [59] [60] [61] [62] in a similar Pt/YIG-slab system, in which the Pt layer is patterned into a Hall-bar shape [see Fig. 6(a) ]. The SMR is a magnetoresistive effect that appears due to the combination action of the direct and inverse spin Hall effects in a paramagnetic metal coupled with magnetic moments in an attached ferromagnetic or ferrimagnetic material, which is well established in Pt/YIG junction systems [58] [59] [60] [61] [62] . Since the SMR in the Pt/YIG system depends on the spin Hall angle and spin-diffusion length of Pt stronger than the LSSE [57], we can observe the H dependence of these parameters via magnetoresistance measurements.
In Fig. 6(b) , we show the magnetic-field-angle α dependence of the longitudinal resistivity ρ of the Pt Hall bar on the YIG slab for various values of H, where α is defined as the angle between a charge current applied to the Pt Hall bar and an in-plane magnetic field [see Fig.  6(a) ]. The ρ values in the Pt-Hall-bar/YIG-slab sample vary with α in a sinusoidal manner with a period of 180
• . This anisotropic resistivity change was confirmed to be due to the SMR [57] [58] [59] [60] [61] . Notable is that the SMR signal in the Pt-Hall-bar/YIG-slab system is almost independent of the magnitude of the magnetic field not only at 300 K but also at 5 K where the large field-induced LSSE suppression was observed, when the magnetization of YIG is aligned along the H direction (H > 1 kOe). This result indicates that the H dependence of the spincurrent-related parameters of Pt is too weak to affect the LSSE voltage at least below 90 kOe, showing that the observed suppression of the LSSE voltage under high magnetic fields is attributed to the YIG layer.
APPENDIX B: NUMERICAL CALCULATION OF EQUATION (3)
To clarify the H dependence of the LSSE voltage V LSSE described by the conventional formulation, we numerically calculated the right-hand side of Eq. (3). For simplicity, we assume that magnons have a parabolic dispersion relation, where the density of states of magnons is affected by the Zeeman energy [63] . As shown in 7(a), the magnon gap opening due to the Zeeman effect is much smaller than thermal energy near room temperature even when the high magnetic field of H = 80 kOe is applied. Figure 7 
